Major element mass balances for Lake Baikal are calculated with mostly previously published data for soluble fluxes and new, unpublished data for riverine suspended particulate matter chemistry. Physical transport seems to be the most important riverine process. The elements Ca, Mg, and Na seem to be very mobile in the weathering mantle and K and Si seem to be relatively mobile. A comparison of elemental input-output budgets and mass accumulation rates (MAR) in bottom sediments shows that most major elements, except Ca, Si, and Mn, have comparable riverine particulate matter fluxes and MARS. The addition of wet atmospheric deposition fluxes results in an excess of Ca, Mg, and Na entering the lake. The additive effect of these excess inputs during a 40-year period amounts to undetectable concentration increases in the water column. If erosion of weathered bedrock is the source of most dissolved and all particulate matter transported to the lake, theoretical elemental fluxes can be calculated with Al as the conservative element. Flux ratios (observed/theoretical) range from 0.7 to 2.2, but most fall within the acceptable range of 0.7-l .5. Major rock-forming elements are carried by rivers as weathering products and there are minimal biogeochemical processes that modify these inputs as suspended particulate matter accumulates in the bottom sediments of the lake.
In terms of continental paleoclimatic reconstruction, Lake Baikal represents a unique opportunity in that its long, continuous history of sedimentation in a northern latitude continental setting affords scientists the ability to compare continental and marine records for the last 30X 10" yr. Environmental change, as documented from the sedimentary record, is assumed to result from changes in the concentrations of various sedimentary components owing to external forces that either act on the drainage basin directly or cause changes in the lake's properties. For example, a drop in temperature can cause a decline in chemical and mechanical weathering as well as a lowering and species shift in primary productivity within the lake. Thus, it is important to determine whether the sedimentary record reflects climatic "imprints" that can be distinguished from diagenetic "overprints." This paper is part of a series describing the geochemical mass balances of major, minor, and nutrient elements in Lake Baikal in order to ascertain whether this important lake is at steady state with respect to chemical inputs and whether diagenesis plays a significant role in determining the biogeochemical cycle of these elements. Additionally, such massbalance calculations may provide a foundation for assessing the impact of human influences on the Baikal basin.
This paper deals with the rock-forming elements (Ca, Mg, Na, K, Al, Si, Fe, Mn) that constitute the major mass of sediments in the Lake Baikal basin and are delivered primarily as waterborne particles. Thus, mass-balance calculations should show whether the concentration of each of these elements results primarily from mechanical erosion, chemical weathering, or both.
Lake Baikal is known for its great depth (1,642 m), ancient age (30X IO" yr), and the presence of many unique plants and animals. It is located in the tectonically active Baikal Rift Zone and is separated geomorphically and structurally into three interconnected basins (Mats 1993 ; Fig. 1 ). The Baikal Rift Zone extends more than 2,500 km from northwestern Mongolia to southeastern Siberia (Logatchev et al. 1974) and separates the tectonically stable Siberian Craton from the seismically active tectonic belts in the Trans-baikal region and Mongolia (Solonenko 1978) . The Siberian Platform, west of Lake Baikal, is underlain by Precambrian crystalline rocks that are overlain by Cambrian and Ordovician terrigenous rocks and horizontally bedded carbonate and evaporite deposits. Near Lake Baikal's western shore, these deposits are folded and separated from Proterozoic crystalline rocks by a major fault system.
The Lake Baikal basin is surrounded by several mountain ranges composed of Precambrian crystalline rocks, mostly granites and granodiorites. The Selenga River basin is underlain by bedrock composed mainly of Proterozoic granites, although there are many depressions filled with Mesozoic sediments, and Tertiary basalts crop out on the tops and crests of mountains Litvinovskii et al. 1985) . The geology of the northeastern shore is characterized by granites with outliers of Cambrian carbonates. On the west side of the lake, where the mountains are steepest and close: to the lake, the bedrock is composed of metasandstones, metaconglomerates, tuffs, gneisses, and granites (Stanevich and Nemerov 1993; Bukharov et al. 1985) .
The most basic constituents of a nonvolatile geochemical cycle are the input of water and sediment. We use previously published data on the water balance of Lake Baikal, summarize many Russian and American studies of sediment deposition in the Baikal basin, use the best available data concerning the long-term average concentration of major cations and anions in major rivers entering the lake, and present new data concerning the composition of riverine suspended particulate matter. The lack of chemical data characterizing riverine suspended particulate matter has been a major obstacle to the construction of geochemical mass balances for Lake Baikal. In this study, such data are synthesized into an inputoutput mass balance, and the calculated sedimentary accumulation of major elements is compared to their average mass accumulation rates in Baikal bottom sediments. The magnitude of agreement between these two estimates will determine whether lithogenic elements are simply deposited in Lake Baikal sediments or undergo some diagenetic reaction(s) as they are carried by rivers through the lake and into the permanent sedimentary record.
Approach
As used here, geochemical mass balance includes only the concept of constituent budgets (Calvert 1983) . Budgets, or input-output models, compare all inputs to an aquatic system with outputs from the aquatic system. The difference, often termed accumulation, usually represents removal of the particular substance to the bottom sediments. By definition, a budget is always balanced. Budgets refer to the external parts of the aquatic system -usually atmospheric and fluvial inputs and occasionally groundwater inputs. With the exception of Ca and Na inputs from atmospheric precipitation, we have omitted the atmospheric and groundwater inputs fol major elements because other atmospheric deposition fluxes are insignificant relative to fluvial inputs, and groundwater inputs are poorly known and difficult to validate. In any event, the input of major elements from atmospheric and groundwater sources is ~5% of the total input from all sources (Granina unpubl. data) . The simplified input-output budget model for lithogenic elements is formulated as
IN is the total input of dissolved and particulate major elements for the main tributaries (kt yr-I); OUT is the total output of dissolved and particulate major elements through the only outlet, the Lower Angara River; LtM is the annual change in mass of major elements in the water column of Lake Baikal; and DI is the difference or accumulation of major elements in Lake Baikal bottom sediments. Because the lake has a huge water mass, it is subject to slow change and thus can be considered in steady state with respect to major elements for 10s of years. Therefore, dM = 0 and Eq. 1 simplifies to
Thus, when data for the total (dissolved and particulate) elemental flux are summed for the major rivers and compared to the total elemental flux out through the Lower Angara River, the calculated difference can be compared to the elemental mass accumulation rate (MAR) in Baikal sediments to determine whether the element is in balance (IN -OUT = DI = MAR). If DI is more than twice as large or twice as small as MAR, then some geochemical process should be invoked to explain the imbalance between elemental input to the lake and its burial in the sediment column.
Methods
In addition to annual suspended sediment discharge, the most important data needed to calculate suspended sediment, major element riverine fluxes to Lake Baikal are the average chemical compositions of riverine suspended particulate matter. Starting in September 1992, we initiated a program to sample and analyze the major and minor element chemical composition of suspended sediment from the major rivers flowing into the lake and out of the only outlet, the Lower Angara River. As of September 1994, 10 samples from the Selenga River, 4 samples from the Upper Angara River, 8 samples from the Barguzin River, 4 samples from the Kichera River, and 6 samples from the Lower Angara River had been collected and analyzed. An additional four samples from the Turka, Tampuda, and Bugul'deika Rivers were taken and analyzed.
The collection and analysis of riverine suspended particulate matter was accomplished with the following methods. Up to 80 liters of river water were collected and pumped through a preweighed 0.2-pm Millipore filter, which was then dried, desiccated, and weighed. The filter with sediment was sealed in plastic envelopes and shipped to Reston, Vir- ginia, for chemical analysis. In the laboratory, filters were desiccated and weighed again, placed in Teflon-lined digestion "bombs" along with concentrated nitric acid, and subjected to microwave digestion for 2 h. Next, hydrofluoric acid was added to the bomb and allowed to react, under pressure, for 30 min. Finally, the acid solution was neutralized with boric acid and diluted to volume with deionized water. The acid solution caused some interference in instrumental analyses, so an aliquot was evaporated to dryness in Teflon beakers and brought up to final volume with dilute nitric acid. The extracts were analyzed by atomic emission spectrometry-direct current plasma. NIST standard reference materials (Buffalo River Sediment) were collected on filters and carried through the same extraction procedure as used for the samples. The accuracy of the extraction and analytical method for major elements is between 99 and 102% of published values and the precision of the method is 25% relative SD for all elements (Mg, Na, K, Si, Al, Fe, Mn) except Ca, which has a precision of +_ 13%.
Results
Dissolved Jlux--Mass balance calculations begin with basic data, the most important of which is the mean annual flow of water in major rivers coming into and leaving the lake. Gronskaya and Litova (1991) calculated a water budget for Lake Baikal for 1962-1988. The estimated error for riverine discharge is 22% of the mean annual value (Afanasyev 1960). The three largest tributary inputs to Baikal are the Selenga, Upper Angara, and Barguzin Rivers, which contribute 47, 13, and 6% of the total annual riverine inflow (61.1 km" yr-I). These long-term flow data, when combined with long-term average major ion (Ca, Mg, Na+K, SiO,) concentrations (Tarasova and Mescheryakova 1992; Votintsev 1993) , yield long-term annual fluxes of many dissolved major elements to the lake. The remaining 34% of flow is attributed to many rivers, and dissolved major element fluxes were calculated by combining this flow (I 8.3 km3 yr-I) with the long-term average chemical concentration of dissolved major elements in 15 of the largest remaining rivers (Votintsev 1993) .
The problem of separating dissolved Na and K concentrations into two entities was solved by using data from the Limnological Institute (Sorokovikova et al. 1995) as well as data from K. K. Falkner and C. I. Measures (pers. comm.), who analyzed these elements separately in samples taken from the major rivers during 1989-1994 and in June 1991. Their data (15 analyses) were used to partition the Na+K data into Na (78%) and K (22%) concentrations. Finally, the fluxes of dissolved Al, Fe, and Mn were calculated from Al concentration data. of Falkner and Measures (pers. comm.) and Fe and Mn data of Leibovich-Granina (1985) . These data for metals are not as extensive as data for the dissolved major cations and silica, but they give an indication of the dissolved riverine metal fluxes to the lake. Table 1 shows that dissolved fluxes of Al, 'Fe, and Mn are very small relative to particulate fluxes-.a fact that minimizes the importance of dissolved metal concentrations to the total metal mass balance.
Particulate flux---With respect to suspended sediment, the Selenga, Upper Angara, and Barguzin Rivers contribute 74, 15, and 6% of the total annual suspended sediment discharge (Agafonov 1990 ). The annual suspended sediment discharge (2,710 kt) was taken as the average of data from three publications: Votintsev (1967), 3,137 kt; Agafonov (1990), 2,955 kt; and Tarasova and Mescheryakova (1992) , 2,026 kt. These data are for suspended sediment only and are consistent in that water samples were collected and filtered with comparable techniques. The errors involved in measuring suspended sediment concentrations and computing sediment discharge are estimated to be & 15% the value of the mean annual sediment discharge (Luchsheva 1983) . The other data needed to calculate suspended sediment, major element fluxes to Lake Baikal via these rivers were the average chemical composition of suspended sediment. We multiplied the average elemental data in Table 2 by the average sediment discharge of the three major rivers (Agafonov 1990 ) to calculate the suspended-sediment, major element flux to the lake. The 5% of suspended sediment discharge not represented by the three major rivers was multiplied by the average elemental composition of suspended sediment from the Turka, Tampuda, Kichera, and Bugul'deika Rivers to calculate the remaining elemental flux. Note that the chemical composition of riverine suspended sediment, expressed as oxides (Table 2) , does not add up to 100 wt%. If we add Mass accumulation rate-The major element mass accumulation rate for the surficial bottom sediments was calculated from the mean concentration of the major rock-forming elements ) and the mean sedimentation rate of 2.6X 106 t yr-I. This figure was chosen based on the following data. Votintsev et al. (1965) and Tarasova and Mescheryakova (1992) both constructed budget estimates of suspended sediment for Lake Baikal and arrived at a wholelake sediment accumulation rate of 3.1 X 106 and 2.0X 1 O6 t yr-l, respectively. Agafonov (1990) and Khaustov et al. (1991) constructed sediment budgets of between 4.0X 106 and 4.2X 106 t yr-* using both riverine suspended matter and bed material data. By combining all four estimates, we get a mean value of 3.4X106 t yr-' (SD = 1.0X106 t).
Miscellaneous estimates of sediment accumulation rates for the lake as a whole average 1.8X 106 t yr-' (SD = 1 X 106 t). This estimate comes from the following published works. Hutchinson (1997) calculated a sedimentation rate by dividing the thickness of sediments by the age of the lake; Votintsev et al. (1965) calculated a sedimentation rate from the silica budget; Mizandrontsev and Shimaraeva (1973) recalculated the sedimentation rate data of Votintsev et al. (1965) with a density of solid sediments (2.5 g cm-3) and a porosity of 80%; Afanasyev (1976) calculated a sedimentation rate using the input of solid materials (riverine sediment, bank erosion, mud flows) into the lake; and Nikolaev (1986) calculated a sedimentation rate by taking the thickness of lacustrine sediment and dividing it by the age of Lake Baikal. If we combine the sediment accumulation rate determined from sediment budgets (3.4 X 106 t yr-l) with the whole-lake estimate (1.8X lo6 t yr-I), the estimated mean sediment accumulation rate for the lake is 2.6X lo6 t yr-I.
Major element budgets and MAR-We present the results of all calculations that were discussed in the previous sections in Table 1 . We have evaluated the uncertainty for the particulate chemistry flux terms. The errors involved in collecting and computing riverine sediment discharge are ---C 15% (Luchsheva 1983). The variation in mean chemical composition of suspended particulate matter collected from the major tributaries to Lake Baikal was evaluated with the data in Table 2 . For the Selenga, this amounts to f. 10%; for the Upper Angara, 260%; for the Barguzin, 220%; for other tributaries, SO%; and for the Lower Angara outflow, ?55%. These inflow+utflow calculations are for dissolved and suspended particulate riverine fluxes only and do not include atmospheric fluxes or riverine bed sediment transport. Riverine bed sediment generally consists of sand and larger grains that are deposited close to shore. Because most of the lake bottom is covered by fine-grained deposits (Agafonov 1993) and there is no information concerning the accumulation rate of these coarse deposits, we have not included the stream bed sediment flux (Agafonov 1990 ) in the calculations presented in Table 1 .
As for atmospheric fluxes, only wet deposition fluxes of Ca ( 15 kt yr-l) and Na (23 kt yr-') are significant (Khodzer 1988) . If we add the estimated atmospheric deposition to the riverine total in Table 1 , then the total Ca IN -OUT for Lake Baikal is 89 kt yr-' and that for Na is 61 kt yr-I. Table 1 shows that nearly all elements (Mg, Na, K, Al, Si, Fe) yield input+utput data that are comparable to elemental MARS in Baikal sediments. The calculated IN -OUT values for Ca, Na (both include wet atmospheric deposition), and Mn are 2.3, 1.7, and 0.45 times their respective MARS. Of these three elements, Na (and possibly Mn) is within our arbitrary threshold difference of 0.5-2.0 between total IN -OUT and MAR, therefore, we do not think there is a significant difference between the two estimates. However, there seems to be a significant difference between Ca total IN -OUT and Ca MAR, even when we consider the uncertainties for the data (Table 1) . It is apparent that the calculated differences (total IN -OUT) for most major elements are essentially balanced by their accumulation (MAR) in Baikal surface sediments. The similarity between the two independent estimates of accumulation in Baikal sediments suggests that these elements (Mg, Na, K, Al, Si, Fe) are released by weathering of earth materials in the Baikal drainage basin and transported to the lake, where they undergo little reaction before incorporation into bottom sediments. Pampoura et al. 1993. f Calculated by converting oxide data in Table 3 to clement concentrations $ Calculated from this work by means of data in Table 2 and percentage inputs from the Selenga (74%), Upper Angara (15%), and Barguzin (6%) Rivers (Agafonov 1990) .
and dividing by the Al concentration. 9 Data fron Martin and Meybeck 1979. I( Calculated by converting oxide data in Table 3 to element concentrations and dividing by the Al concentration.
Discussion
Those elements that are essentially in balance (total IN -OUT = MAR) can be grouped into two categories-relatively mobile and immobile elements in the weathering mantle (Strakhov 1969) . The very mobile elements (Ca, Mg, Na) have ratios of dissolved to total transport that average -90% (Table 1 ). The relatively mobile elements K and Si have ratios of 56 and 30%. Immobile elements (Al, Fe, Mn) have ratios that are < 10% (Table 1 ). These data imply that the former group of elements is transported mostly in solution to Lake Baikal and the latter group is almost entirely carried to the lake by riverine particulate material. The above classification roughly corresponds to that for the world's major rivers flowing into the ocean. Martin and Maybeck (1979) found that these rivers had approximate ratios of 65% for Ca and Na, 40% for Mg, 15% for K, 5% for Si, and < 10% for Al, Fe, and Mn. Thus, Mg, K, and Si are more mobile in the Baikal watershed relative to the global watershed. This increased mobility may be due to the unique geological nature of the Baikal Rift Zone and to the relatively restricted climate of the Baikal area compared to global averages and extremes. If we consider the mineral stability series (Goldich 1938) , those rocks containing a perponderance of calcic and sodic feldspars and hornblendes and pyroxenes will yield weathering solutions relatively rich in dissolved Ca, Na, and Mg, which will be complemented by additional dissolved Si. Such rocks (basalts, gabbros, and greenstones) do occur in the Baikal basin (Kartavchenko 1986; Murashko and Bukharov 1987; Krivenko et al. 1983 ). chemical analyses listed by Shmotov et al. (1993) , Stanevich and Nemcrov (1993) , Murashko and Bukharov (1987), and Litvinovslrii et al. (1985) . If we convert the oxide data to elements and normalize to aluminum and compare these data to the average chemical composition of the earth's crust (Table  4) , we see: that Baikal watershed rocks are comparable to the earth's crust (average upper continental crust).
The observed net transport of major elements into Lake Baikal (Table 1 ) is compared to theoretical fluxes assuming that land erosion is the only source of dissolved and particulate riverine material (Martin and Maybeck 1979) . If observed and theoretical fluxes are similar, then all weathering products are carried by the rivers and the rivers transport only material derived from land denudation. If the two estimates do not agree, there may be an additional source of elements (e.g. the atmosphere), there may be geochemical fractionation of various elements in the soil profile, or there may be pollution that can be seen in the riverine transport of major elements (Martin and Meybeck 1979) . This last possibility seems very remote for the major rock-forming elements and is not considered further in this paper. We calculated theoretical fluxes (Fth) based on the ratio between the concentratl.on of Al in average riverine suspended matter, in riverine bed sediment, and in surficial reconstructed bedrock:
The predominant rocks in the Baikal basin consist of granitoids (granites, syenites, granodiorites), metasediments-amphibolites-greenschists, gneisses and migmatites, and Cenozoic sediments ). In Table 3 we present the average chemical composition of rocks in the basin by using the relative percentage of rock types and representative Fttl = ([xl, ~~, [All, , , /[AIl, .) + ~~xl, ~~, ~~~l, , , l~~Il, ~. (3) [x] is the average concentration (wt%) of any given major element in fresh, surficial bedrock; M,,,, is the annual riverine suspended sediment discharge; [Al] ,,, is the average Al concentration I:wt%) in riverine suspended sediment; Mbs is the annual riverine bed sediment discharge; [Al] ,,, is the average Al concentration (wt%) in riverine bed sediment; and [Al] , is the average Al concentration (wt%) in fresh, surficial bedrock.
The tota:! suspended sediment discharge to Lake Baikal is 2,710 kt yr I (see results) and the bed sediment discharge is Table 5 . Lake Baikal riverine flux ratios (FR) computed from observed total input minus total output (IN -OUT) of soluble plus suspended particulate matter data, observed riverine bed sediment data, and theoretical fluxes calculated from reconstructed bedrock chemistry and mass inputs of suspended and bed sediment. Flux units arc 1,000 t yr -I. 915 kt yr-I (Agafonov 1990 ). The Al content of average (weighted for river inputs) riverine suspended particulate matter is 5.9 wt%, that for average bed sediment is 7.0 wt%, and that for reconstructed bedrock in the Lake Baikal region is 7.1 wt% (Table 3) . When compared to the net flux estimates (Table 1) plus streambed sediment inputs (Table 5) , the results of these theoretical flux calculations (Table 5) indicate that the flux ratio (FR, obsd flux/theor flux) is essentially balanced (0.7 < FR < 1.5) for Na, K, Al, and Si (most of the major rock-forming elements). This range of FRs is not considered to be significantly different from unity owing to the limited dataset, the uncertainty in calculating average elemental concentrations for Baikal riverine suspended particulate matter, and the substantial uncertainty in reconstructing the chemical composition of average bedrock in the Baikal region. On the other hand, the FRs for Ca (2.0), Mg (2.2), Fe (1.8), and Mn (2.0) are not "in balance." We have included riverine bed sediment fluxes in this calculation (observed and theoretical fluxes) in order to compare total riverine elemental fluxes to the lake with those predicted from the transport of weathered bedrock in the Baikal drainage basin. The low FR for Na is related to the observation (Table 1 ) that the net dissolved Na flux is zero. Additionally, Na is notoriously soluble in the weathering mantle so that eroded particulate matter may be depleted relative to fresh surficial bedrock (Table 5) . If the atmospheric wet deposition flux of Na (23 kt yr-I) is added to the observed total flux (Table 5) , then the FR improves to 1.0.
The high FR for Mn is also easily explained. Table 3 shows that the Mn concentration in riverine suspended particulate matter is 70% greater than that in reconstructed bedrock. Because the observed particulate matter flux uses this higher concentration, the total FR (particulate matter plus bed sediment) will be > 1. Riverine suspended particulate matter in Lake Baikal is enriched in Mn relative to, Al compared to the average riverine suspended particulate matter in the world (Martin and Meybeck 1979) . For the Baikal region, riverine particulate matter is enriched in Mn relative to both bedrock and riverine bed sediments (Table 3) , perhaps because fine particulate matter becomes enriched with Mn during the weathering and transport process. Such may also be the case for Fe in that riverine suspended particulate matter is enriched relative to riverine bed sediments and even to world riverine suspended particulate matter (Table  4 ). Thus, it is possible that riverine particulate matter in the Baikal basin is thinly coated with ferromanganese oxyhydroxides.
The high FR for Mg (2.1) is unexplainable. The accuracy of the analytical method for this element is excellent, so suspended particulate Mg concentrations should not be overestimated. Aluminum-normalized Mg ratios are comparable for Baikal riverine particulate matter, riverine bed sediments, and reconstructed bedrock (Table 4) . If we consider the uncertainty in estimating suspended sediment discharge and chemical composition (Table 2) , then the lower particulate Mg flux estimate would result in a Mg FR of -1.7. This FR is near our threshold value of 1.5 for element ratios that are essentially in balance. Such is also the case for Ca. The accuracy of the analytical method is not as good for Ca (? 13%) as for the other elements (25%). Combining this analytical uncertainty with others mentioned above and using the lower particulate Ca flux, we estimate that the FR for Ca is -1.4.
It is instructive to compare the total elemental fluxes with elemental accumulation rates in Baikal sediments (Table 1) . By definition the difference between total input and output (Eq. 2) should equal MAR for any particular element. Deepwater sediments in Baikal consist predominantly of silts and clays that also make up the grain size of riverine suspended particulate matter. Those elements whose calculated differences between input and output are comparable to the MAR in Baikal surficial sediments are probably transported as part of a physical continuum from the mouths of major rivers into the open lake and through the water column to the sediment surface. There is probably minimal reaction (dissolution, precipitation, biological recycling) during this transit to the benthic sediment surface. Such appears to be the case for Na, K, Al, Si, and Fe. It is well known that biogenic SiO, and ferric oxyhydroxides are important reactive phases that participate in biogeochemical cycling in Lake Baikal (Granina et al. 1992 (Granina et al. , 1993 Leibovich-Granina 1987) . Callender and Granina (1995) showed that the total difference between input and output for Si was 930 kt Si yr-' and compared favorably with the accumulation of biogenic (420 kt yr 'I) and lithogenic (560 kt yr-I) Si. It is apparent from these data that the partitioning between biogenic and lithogenie fractions of Si is approximately equal.
It is surprising that the two estimates of Fe are so similar and that the Fe MAR is not greater than the Fe total IN -OUT (Table 1) ; in fact, the reverse is true. Studies by Russian scientists beginning with Knyazeva (1954) and Vykhristyuk (1977) and culminating with the studies of LeibovichGranina (1985 LeibovichGranina ( , 1987 , Granina (199 1, 1992) , and Granina et al. (199 1) indicate that Fe (as well as Mn and P) concentrates in Baikal surface sediments owing to widespread and intense sedimentary diagenesis. Shallow-water sediments contain grain-cemented crusts and nodules that are rich in Fe; large areas of deep-water, fine-grained sediments are underlain by thin, friable ferromanganese crusts that occur on relatively flat topographic areas (Granina 1992) . The upper part of these crusts is black Mn and the lower part is reddish-brown Fe. The ferruginous crusts occur at the boundary between oxidized and reduced sediments. Because the average thickness of the oxidized layer in Baikal pelagic sediments is 5-6 cm, Fe-oxyhydroxide accumulates below the sediment surface. We calculated the Fe MAR (Table 1 ) using the data for the average concentration of Fe in the top 1 cm of the sediment column (4.8 1 wt%; Pampoura et al. 1993) .
Contrary to the situation for Fe, data on Mn illustrate clearly the effects of sedimentary diagenesis. The data of Pampoura et al. (1993; 0.43 wt%) were used to calculate the surficial sediment Mn MAR that is more than 2.5 times the value for total IN -OUT (Table 1) . Their data for the composition of surficial-oxidized (0.67 wt%) and underlying reduced (0.29 wt%) sediments also clearly show the effects of sedimentary diagenesis. It has been previously shown (Knyazeva 1954; Leibovich 1983 ) that the surficial-oxidized layer of pelagic sediments is 1 O-17 times enriched in Mn compared to the underlying sediments. Mn is very geochemically mobile and recycles very efficiently in the most oxic environments. This mobility is the primary cause of significant chemical differentiation of Fe and Mn in pelagic oxidized sediments of Lake Baikal (Leibovich 1983; Granina 1991 Granina , 1992 .
Two previous studies (Votintsev et al. 1965; LeibovichGranina 1987) have constructed external balances of Fe in Lake Baikal. Leibovich-Granina (1987) constructed an external balance for Mn in Lake Baikal. Both papers showed the same result for total Fe: the tributary inputs calculated for the 1950s (29.5 kt Fe yr-I; Votintsev et al. 1965 ) equal those measured during 198 l-l 984 (26.5 kt Fe yr-I; Leibovich-Granina 1987) . These total Fe inputs are much different than those reported here (Table 1 ). In at least the former case (Votintsev et al. 1965) , the balance represents tributary inputs and Angara River output of neither soluble nor total metal. All analyses were conducted on unfiltered samples (Votintsev et al. 1965) . Leibovich-Granina (1987) used analyses of filtered (0.5-pm membrane filter) and unfiltered (whole) water samples (Leibovich-Granina 1985) to construct external balances of Fe and Mn. We used the filtered Fe and Mn data of Leibovich-Granina (1985) to estimate the dissolved metal balances (Table 1) . Our total flux estimates combined the dissolved flux and the riverine suspended particulate matter flux; Leibovich- Granina's (1987) total flux estimates used whole-water data. Particulate fluxes, which are calculated from discrete analyses of separated suspended particulate matter, possibly better represent particulate metal discharge than do estimates using whole (unfiltered)-water samples. Additionally, our estimates include significantly more analyses than were available in the past (LeibovichGranina 1985) .
Contrary to other major elements, Ca and Mg seem to have significantly greater fluxes than MARS in surficial sediments of Lake Baikal (Table 1) . Even with the uncertainty in our sampling and analysts of suspended particulate matter and the calculation of both dissolved and suspended particulate matter fluxes, the difference in fluxes (lower estimate) is greater than the MAR. Thus, it is possible that part of the excess Ca in riverine suspended sediment may exist as a reactive phase (i.e. carbonate) that dissolves in the vast water column of the lake. Falkner et al. (199 1) found that the water column of the lake was substantially undersaturated with respect to CaCO,. Although it is generally accepted that the lake sediments contain almost no carbonate and that riverine inputs contain no carbonate, some rocks in the Baikal drainage basin do contain carbonate minerals.
The western and southern parts of the Baikal watershed contain substantial amounts of marbles and marbleized limestone, and along the eastern Baikal coast marbles occur to a limited degree . A relatively large area of marble crops out on Bolshoi Ushkanii Island in northern Lake Baikal (Bukharov et al. 1992) . Furthermore, outliers of Cambrian sedimentary rocks containing calcite and dolomite are found in the northeastern part of the Baikal watershed (Salop 1964) . These data suggest that Ca (and Mg) carbonate is not a rare rock type in the watershed and may be a source of the excess Ca and Mg delivered annually to the lake. It is significant that much of this excess (35 kt Ca yr-l and 20 kt Mg yr-I) is accounted for by particulate Ca and Mg fluxes (Table 1) . If this annual excess is added up over 40 yr (the period over which water chemistry has been monitored), then the quantity of excess Ca and Mg that has been added to Lake Baikal is 1,400X 1 012 and 800X 1 012 mg. The volume of the lake is 23X lOI liters; thus, the increase in Ca and Mg concentrations caused by the addition of this excess during a 40-yr period is 0.060 and 0.035 mg liter-'. If the atmospheric deposition of Ca (15 kt yr-I) and Mg (4 kt yr-I) is added to the above excess, then the increase in water-column concentrations would be 0.085 mg liter-l Ca and mD.045 mg liter-' Mg. These increases in Ca and Mg concentrations are not measurable with older titration methods.
A similar calculation can be made for Na whose total flux (38 kt yr-I particulate + 23 kt yr-I atmospheric) exceeds the Na MAR by 25 kt yr-I. The calculated increase in the water-ccllumn Na concentration is 0.04 mg liter-', an undetectable level.
Conclusions
Mass balance calculations for major elements in the Lake Baikal watershed indicate that most rock-forming elements are carried to the lake as weathering products and are deposited in bottom sediments. Notable exceptions to this unreactive transport scenario are Ca, Si, and Mn. It is possible that locs,l inputs of calcareous material may cause the imbalance In the geochemical cycling of Ca. Recycling of biogenic SiO, within the water column and at the sedimentwater interface is an important process. Similarly, Mn is diagenetically mobile within the sediment column and is strongly enricked in oxidized surficial sediment.
